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ABSTRACT

Resonant vi brations have been stimulated in
thin netal plates using a non-contacting
el ectronagnetic driver. A sinusoidal force was
applied in a swept frequency fashion and the
resul ting surface displacenents were nonitored
t hrough the use of an acoustic mcrophone. It has
been found that the presence of a fatigue crack in
t he sanpl e causes a broadeni ng of the second
resonance peak. The Q factors of the resonance
curves were determned and are directly correl at ed
with the presence of fatigue cracks in the
sanpl es. The broadeni ng of the curves i s expl ai ned
interns of a mcroslipping at the crack face
wal | s whi ch reduces the anplitude of the resonant
vi bration by increasi ng the danpi ng of the system
A conparison i s nade between the resonance
characteristics of fatigue danaged and not ched
sanpl es, where the stiffness of the two systens is
nearly constant while the interaction between
crack face walls is elimnated in the latter.

I NTRCDUCTI ON

It has previously been shown that resonant
nodal anal ysis can provide a fast effective nethod
for inspecting thin netal plates for fatigue
cracks [1-4]. A non-contacting el ectronmagnetic
driver is used to stimulate resonant vibrations
and the anplitude of the plate vibrations are
noni tored with acoustic em ssion or audio
m crophones as a function of the frequency of the
appl i ed force. Wen the frequency of the applied
force matches that of a natural frequency of the
part under test a peak will occur in the anplitude
of the plate vibrations and, correspondingly, in
the sensor output. The resonant nodes are then
detected as peaks in the anplitude of the sensor
out put versus the frequency of the applied force.

Previ ous work has concentrated on nonitoring
the resonant frequencies of thin netal plates. It
was found that the presence of fatigue cracks

| oners the resonance frequency of a structure. The
| owering of the resonance frequency wth crack

length is illustrated by the |inear eigenval ue
equation

([K]-o*[M1){@ = {0}, (1)
where [M is the nass matrix, [K] is the

stiffness matrix, {u is the anplitude of the
degrees of freedom and w is the circular
frequency. The presence of a fatigue crack reduces
the stiffness matrix, [K, while the nass matri x,
[M, is left unchanged fromthe unfl aned state. A
gi ven ei genval ue w, nust decrease in order for the
determnant ([K] —wiz[l\/]) to vani sh and provi de a
non-trivial solutionto (1). Finite el ement nodel s
have been used to predict the resonance
frequenci es as a function of crack length for 1nm
thick alumnumalloy plates and the results were
found to be in excellent agreement with
experimental |y deternined val ues.

In addition to changes in the resonance
frequency caused by fatigue cracks, it has been
found that the interaction of fatigue crack face
wal | s during resonant vibration can produce a
characteristic high frequency acoustic em ssion
[1]. The acoustic em ssion signature was found to
be due to an unsticking of the fatigue crack
wal l's, but was difficult to isolate for fatigue
cracks less than 1 cm long. The presence of the
hi gh frequency acoustic em ssion does, however,
verify the suspected interaction at the crack face
val | s.

M CRCELI PPI NG AT FATI GUE CRACK WALLS

Mcroslipping at the interface of two
materials has | ong been studied as a danpi ng
nethod to reduce the anplitude of resonant
vibrations [5]. Sip danping effects are
i ntroduced when | oadi ng conditions contain both
normal and oscillatory tangential forces at the
interface of two naterials. Fig. 1 displays a
geonetry simlar tothat first studied by Mndlin



in order to examne the effects of partial slip
[5]. The energy dissipation at the interface
bet ween t he bodies was found to increase as the
cube of the displacenent and to have an effect
even at vanishingly small loads. It was al so
determned that above a critical vibration
anplitude, nacro slip, the frictional dissipation
at the interface of the bodies could no | onger
limt the anplitude of the vibrations. This
critical vibration anplitude as well as the | evel
of danpi ng were found to depend upon the nornal
force [5].

The georetry for the present experiment is
illustrated in Fig. 2. A um num2024 plates 1 mm
thick were clanped in a support frane | eaving the
front edge of the plates free to vibrate. The
vi brational area of the sanples was fixed at 25 x
4.5 cnf. The non-contact driver explained in [4]
was used to apply a sinusoidal force nornal tothe
surface of the plates in a swept frequency manner.
The anplitude of the resultant plate vibrations
was nonitored through the use of a m crophone
ained at the sanple surface. In order to reduce
the effects of background noises, a lock-in
anplifier referenced to the frequency of the non-
contact driver was used to record the out put
vol tage of the nicrophone at each step of the
drive frequency.

A Material Test System (MS) |oad frane was
used to grow fatigue cracks in several of the
sanpl es used in this study. The cracks were grown
fromstarter notches in the center of the front
edge of the sanple to lengths of 3 to 20 nm The
sanpl es were then clanped in the test apparatus
depicted in Fig. 2. such that the non-contact
driver was centered above the crack. The driver
was configured so as to produce a force 180° out
of phase on either side of the flaw The resulting
forces acting in the fatigue crack region are

- |
F,= Const ant

Fe =f gsi n(wt)

Fig. 1 Geonetry and | oadi ng conditions for
anal ysis of partial slip at the interface
bet ween two el astic spheres.

d anped Supports
M cr ophone

Y Non- Cont act Dri ver
\ N\

7/ s

Fig. 2. Experinmental Setup for study of
m croslipping and quality factor of
fatigue cracks in thin nmetal plates.

shown in Fig. 3. The frequency dependent force
tangential to the crack faces, nornal to the
sanpl e surface, is that due to the non-contact
driver as explained in [4]. The force normal to
the crack face walls, parallel to the sanple
surface, is aresult of the formati on of the

pl astic zone just ahead of the crack tip. The
plastic zone forns in response to the high
stresses at the crack tip which occur during the
fatigue process. The naterial undergoes plastic
deformation as a result of these stresses, and i s
thus elongated in the applied stress direction
[6]. The result of this elongation of naterial in
the plastic zone is a conpressive normal force at
the crack face walls as depicted in Fig. 3.

QUALI TY FACTOR CF RESCNANCE A RAU TS

The quality or Qfactor of a resonance system
is a nmeasure of the energy stored versus the

Pl astic zone

-Ft = -Fg(w)sin(wt)

Fn— o [ <4—-Fn

Fi = Fo(wsin(wt)

Fig. 3 Forces acting in fatigue crack region.



energy dissipated in the system Wen danpi ng
terns are included the equation of motion for a
vibrating body (1) can be witten as

thifsg—?mx = F (1) (2)

where B is the danpi ng or i nternal nmechanical |oss
coefficient and F(t) is the time dependent
applied force. For a sinusoidal applied force,
F(t) = Fgsin(wt), the second order differential
equation can be sol ved for the nagnitude of x;
F
X = ° s (3)
2 2
[B® + (M- K/ w) “]

The resonance of the systemis given by

w, = vK'M (4)
Equation (3) can be witten
F
_'o 1
IxXI = 7§,x . (5)

Jl + (wWMB)? (1- %/?
W

The Qfactor is then defined as
Q= wWB (6)

Substituting Qy = (w,M/B, with w, given by (4)
into (3) yields

XL 2 [14_(%5@_(»0['7_1/2 (7)
X o, wO ’

where |x | is the maxi num displ acement at
resonance. Equation (7) is plotted for various
values of Q@ in Fig. 4, show ng the clear

rel ati onshi p bet ween t he shar pness of t he resonant
peak and the Q factor of the curves.

Fig. 4. Sharpness of resonance curves as a
function of the Qfactor.

In the present work the effects of fatigue
crack face rubbing are investigated by neans of a
Qf act or neasurenent under resonant vibration. Any
slipping at the interface of the crack face walls
is expected to increase the danpi ng of the system
through the energy | oss caused by the
m croslipping, as previously explained. A
br oadeni ng of the resonance curves, decrease in
the Qfactor, is therefore expected as an
indi cation of fatigue danage in the sanpl e.

EXPER MENTAL RESULTS

Fig. 5 displays the output voltage of the
m crophone at the frequency of the drive signal
over a wide frequency range for an unfl awed
sanpl e. The three peaks in the curve correspond to
the second, third, and forth resonant nodes of the
sanple, as verifiedinearlier work through finite
el enent nodeling [3].

Inthe present work the Qfactor of the second
resonance peak was studied. It was previously
found that this node had a strong dependence on
fatigue danage in the sanples [2]. Data was
acquired at 1 hertz intervals over the frequency
range cont ai ni ng the second resonance peak for the
sanple. A5 point snoothing routine was used to
reduce the noise in the data before a chi”2
fitting routine was used to find the best fit of
the data to a Lorentzian distributionin order to
deternine the resonance frequency. After the
resonance frequency was deternined the data was
normal i zed with respect to the maxi num
di spl acenent at the resonance frequency. The
expression given in (7) was then fit to the
snoot hed, nornalized, experinental data in order
to determne the Qfactor of the second resonance
peak.
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Fig. 5. Experinental data show ng resonance
peaks for unflawed sanpl e.



Figs. 6 and 7 show the snoot hed, normalized
experimental data and the Q curve that fits the
data nmost accurately for an unfl awed sanpl e and a
sanpl e containing a 1.2 cmfatigue crack,
respectively. As expected, the resonance curve of
the fatigue damaged sanpl e i s nuch broader, with
aresulting lower Q than the undamaged sanpl e.
Sanpl es containing fatigue cracks of 0.3 and 2.0
cmwere al so inspected, and the results showed a
decreasing Qwith crack length for all sanples.

The effect of the crack face rubbing on the Q
factor was al so studi ed by i nspecting two sanpl es
contai ning clean notches of 0.6 and 2.0 cm
I engths. Al though the notches were of conparabl e
length to fatigue cracks tested in this study, the
clean nature of the notch danaged did not permt
rubbing at the interface of the defect walls. The
Qfactor for these sanples did show a decreasing
trend with notch I ength due to the reduced
stiffness of the structure, although the Qs are
nuch greater than for sanpl es containing fatigue
cracks of conparable lengths. Fig. 8 is a graph of
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Fig. 6 Normalized experinental data and Q curve
for unflawed sanpl e.
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Fig. 7 Nornmalized experinmental data and Q curve
for sanple with 1.2 cmfatigue crack.
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Fig. 8. Qality factor for fatigue crack and
not ch danmaged sanpl es.

the Qs for both the fatigue cracked and not ched
sanpl es.

SUMVARY

The presence of fatigue crack face interaction
during vibration has been seen to reduce the
quality factor of the resonance system The
results have been explained in terns of a
mcroslipping at the crack face walls. It was al so
shown that reductions in the stiffness of a
structure lowered the Qfactor, but these effects
did not outweigh that due to the increase in the
danpi ng of the systemdue to the presence of
mcroslipping at the interface of a fatigue crack
face wal | .
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